Low energy ion recoil spectroscopy is a powerful technique for the determination of adsorbate position on metal surfaces. In this study, this technique is employed to compare the adsorption sites of hydrogen and deuterium on Pd͑100͒ by detection of either H or D recoil ions produced by Ne + bombardment. Comparisons of experimental and Kalypso simulated azimuthal yield distributions show that, at room temperature, both hydrogen isotopes are adsorbed in the fourfold hollow site of Pd͑100͒, however, at different heights above the surface ͑H-0.20 Å and D-0.25 Å͒. The adsorbates remain in the hollow site at all temperatures up to 383 K even though they move up to 0.40-0.45 Å above the surface. Density functional theory calculations show a similar coverage dependent adsorption height for both H and D and confirm a real difference between the H and D adsorption heights based on zero point energies.
I. INTRODUCTION
The interaction of hydrogen with transition metal surfaces has been widely studied because of its central role in a range of technologies, including heterogeneous catalysis, metallurgy, fuel cells, and nuclear fusion.
1,2 Over the past few years, our group has targeted the investigation of surface structures of Pd and Pd containing alloys.
3-5 Our previous study on the adsorption site of D on the Pd͑100͒ surface 3 agreed with an earlier study by Besenbacher et al. 6 that at room temperature D atoms were adsorbed in the fourfold hollow sites of Pd͑100͒ at 0.25 Å above the surface. No evidence of subsurface occupancy at room temperature or higher temperatures could be found. Our study also revealed a thermal coverage dependence of hydrogen as well as the hollow site vertical position above the surface.
For hydrogen adsorption sites on Pd͑100͒, there have been some disagreements among previous research, particularly concerning the H adsorption height. A variety of different theoretical and simulation studies, ͑including He scattering, low energy electron diffraction and scanning tunneling microscopy, to name a few͒ have been employed to determine the exact H adsorption height, but there has been no low energy ion recoil ͑LEIR͒ experiments conducted to study the H adsorption site on Pd͑100͒. Earlier research concluded that there was no difference in the general adsorption sites of D and H on Pd͑100͒ ͑located in the fourfold hollow sites͒ although some have placed both isotopes at slightly different heights above the surface. The H adsorption height has been determined to be somewhere between 0.11 and 0.70 Å. [7] [8] [9] [10] [11] [12] [13] The location of the D and H adsorption sites on Pd͑100͒ with LEIR spectroscopy is achieved by exploiting the very high neutralization probability for incoming ions as well as the shadowing effect 14, 15 for both scattered Ne + ions and recoiled D + or H + ions. As a consequence, LEIR probes the positions of surface atom nuclei and can be manipulated to be only sensitive to the outmost atomic layer, and is an ideal tool to complement techniques that interact with the electron shells. Experimental spectra are compared to molecular dynamics simulations of the scattering process. Density functional theory ͑DFT͒ calculations were carried out in order to determine the adatom vertical separations from the Pd surface atoms as a function of coverage for both isotopes. For the first time, a difference in adsorption height between two isotopes has been measured. In addition, the results have been verified by DFT to show that the difference in adsorption height is based on the zero point energies ͑ZPEs͒ of H and D.
II. EXPERIMENTAL AND THEORETICAL METHODS

A. Ion beam analysis
The LEIR apparatus employed in this experiment consists of a 0.5-5 keV ion source, a specimen manipulator with two rotational and three translational degrees of freedom, and an electrostatic energy analyzer with two rotational degrees of freedom.
The target is a 99.99% pure palladium single crystal aligned to within 0.1°of the ͑100͒ surface that was mounted in an ultrahigh vacuum chamber with a base pressure of 1 ϫ 10 −10 mbar. The specimen was sputter cleaned using the Ne + ions at 1.9 keV and annealed up to 933 K. The Pd͑100͒ surface was considered clean when the ratio between the Ne-scattered off Pd ions and the impurities yields exceeded 1000:1.
The exposure of the sample to D 2 or H 2 in this study was continuous at 2 ϫ 10 −8 mbar primarily because the higher temperatures used leads to desorption and hence continuous exposure ensures a constant equilibrium coverage which depends on temperature. The coverage will be affected by sputtering and recoils from the incident beam but this was found to be of secondary importance in this temperature range.
To locate the adsorption sites of D and H on Pd͑100͒ a beam of 1.9 keV Ne + ions was incident on the Pd͑100͒ sample with a current of approximately 100 nA at incidence angles ͑␣͒ of 15°and 20°to the surface. The scattered and recoiled ions were analyzed at 60°scattering angle ͑͒ to the incident beam. The energy ranges for the integration of the recoil yields 100-350 eV for D + and between 80 and 250 eV for H + recoils.
B. Molecular dynamics simulations
Ion scattering and recoil simulations were carried out using the Kalypso molecular dynamics package ͑version 2.1͒. 16 The simulation target was based on a 2-layer unrelaxed Pd͑100͒ substrate, with 12 or 13 Pd atoms per layer, and a 12-atom ͑1 ϫ 1͒ D adlayer and a 4-atom ͑2 ϫ 2͒ D adlayer for room and higher temperature simulations, respectively. Vibrational displacements were included in the simulation model by including random Debye-Waller vibrational displacements ͑specified separately for bulk, surface perpendicular and surface parallel vibrations͒. All interactions among projectile ͑1.9 keV Ne͒ and target ͑Pd, D͒ atoms were modeled using the ZBL potential ͑Ziegler-BiersackLittmark͒. 17 The Ne-Pd and Ne-D potentials were cut off at 2.1 Å, while Pd-Pd, Pd-D, and D-D potentials were cut off at 1.45 Å ͑i.e., well below the interatomic separations in the undisturbed lattice͒.
For each projectile-target geometry ͑defined by the projectile azimuthal and polar angles͒, 4ϫ 10 6 incident projectile trajectories were examined using a square primary impact zone having edge length 3.8907 Å ͑the Pd lattice constant͒. The simulations were terminated after 50 fs. Scattered Ne projectiles and D recoils were identified by counting particles located Ͼ10 Å above the surface that were moving in the energy range and direction of interest at termination, assuming a detector angular resolution of Ϯ1°in the azimuthal and polar planes.
C. Density functional theory calculations
The adsorption height of D/H as a function of coverage has been studied by means of density functional theory calculations using the PWSCF ͑plane-wave self-consistent field͒ code, within the Quantum-ESPRESSO package. 18 Ultrasoft pseudopotentials ͑the pseudopotentials used were Pd.pbe-ndrrkjus.UPF and H.pbe-rrkjus.UPF from http://www.quantumespresso.org͒ are used, in which the generalized gradient approximation due to Perdew, Burke, and Ernzerhof ͑PBE͒ 19 was applied for the exchange-correlation functional. The electronic wave functions are expanded in a plane-wave basis set where the kinetic energy cutoff is taken to be 30 Ry ͑408 eV͒. The Brillouin zone integrations are performed with 0.007 Ry ͑0.1 eV͒ Gaussian smearing using a ͑12ϫ 12ϫ 1͒ Monkhorst-Pack ͑MP͒ grid for the p͑1 ϫ 1͒ surface unit cell, yielding 21 special k-points in the irreducible surface Brillouin zone and folded accordingly for the c͑2 ϫ 2͒ and p͑2 ϫ 2͒ structures.
For the ͑1 ϫ 1͒-H, c͑2 ϫ 2͒-H, and p͑2 ϫ 2͒-H surfaces, 9-layers slabs were used with the 3 center layers ͑layers 4, 5, and 6͒ fixed at their positions in the bulk and the upper and lower three layers relaxed with H adsorbed on both sides. Periodic boundary conditions were used to model an extended surface. A 10-Å vacuum region was placed between the periodically repeated slabs to ensure that the adsorbate and the subsequent slab do not interact. All calculations were done with the D or H atoms located in the hollow site position as this has been previously established as the most stable position. 6 Note that both D and H atoms will result in identical DFT results since they have identical electronic structure.
We have carefully checked the convergence with respect to the kinetic cutoff energy, surface k-point grid, and vacuum region. The tests indicate our calculations are converged to within Ϯ5 meV for the binding energy ͑BE͒ of H on Pd͑100͒.
III. RESULTS
A. Room temperature adsorption
The adsorbed D and H were located by rotating the Pd͑100͒ sample azimuthally while bombarding the surface using a beam of 1.9 keV Ne + ions at 15°incidence angle relative to the surface. It should be noted that other angles of incidence were also used to compare results. The azimuthal distribution of Ne + ions scattered by Pd atoms, which were detected at a scattering angle = 60°to the incoming beam, displays a minimum along the 0°azimuth which corresponds to the ͓110͔ direction, and a shallower dip at the 45°azimuth which is indicative of the ͓100͔ surface direction ͑Fig. 1͒. The azimuthal D + and H + recoil yields increase along the ͓110͔ direction ͑0°azimuth͒ and decrease to negligible values along the ͓100͔ azimuth. This indicates that both isotopes are adsorbed in the fourfold hollow sites of the Pd͑100͒ surface which is in agreement with previous studies. 3, 6, 7, [9] [10] [11] [12] [13] The adsorption heights of D and H can be determined through comparisons of the experimental azimuthal dependence of the recoil yields with molecular dynamics simulations for different assumed D and H atoms positions ͑z͒ above the Pd͑100͒ surface layer for a saturated p͑1 ϫ 1͒ H + and H + recoil yield distributions and distribution of the Ne + scattered off Pd͑100͒ at room temperature ͑295 K͒. The angle of incidence ͑␣͒ is 15°, the scattering angle/recoil angle is 60°and the sample temperature is 295 K. layer ͓see Fig. 5͑a͒ for structure͔. The azimuthal distributions of H + and D + recoil yields obtained from the experiment ͓Figs. 2͑a͒ and 2͑b͒, dot points͔ have been compared with the simulated data ͓Figs. 2͑a͒ and 2͑b͒, solid lines͔ for a projectile incidence angle of 15°. For this polar incidence angle, the best agreement between the experimental and simulated data is obtained for a height of 0.20Ϯ 0.02 Å for H. Additional simulations for D/Pd͑100͒ found a value of 0.25 Å ͑+0.05 Å, Ϫ0.03 Å experimental error͒ for the adsorption height above the surface as opposed to the value stated in Ref. 3. These deduced heights for H and D are in good agreement with some previous studies 6,9,11-13 but disagree with other studies. 7, 10 It should be noted that the values for the adsorption heights for H and D have error bars that overlap at 0.22 Å, and therefore it is unclear from the experimental results alone whether this isotope difference is real.
B. Higher temperature adsorption
At elevated temperatures, H and D atoms recombinatively desorb from the Pd͑100͒ surface leading to a lower equilibrium surface coverage which is detected experimentally by a decreasing recoil yield along the ͓110͔ directions ͑0°azimuth͒ as temperature increases ͓Figs. 3͑a͒ and 3͑b͔͒. The H and D atoms remain in the fourfold hollow site of the Pd͑100͒ surface which is indicated by the absence of any D and H recoil yields along the ͓100͔ directions ͑45°azimuths͒ until the surface temperature reaches 383 K at which point the adsorbates completely desorb from the surface. It is also evident in Fig. 3 that as the temperature increases, the enhanced yield lobe moves from an azimuthal angle close to 0°t o 5-10°. This could be interpreted as either a lateral shift in the adsorption site or an increase in the adsorption site height above the surface plane. Given the symmetry of the fourfold hollow site, a lateral shift could occur in any of several equivalent directions which would lead to a significant broadening of the enhanced yield with angle which is not observed experimentally. The behavior of this peak leads to the conclusion that it results from the adsorption site increasing in height above the surface.
To study the coverage dependence of the H and D azimuthal distributions, a range of Kalypso simulations were conducted for which a 1.9 keV Ne + ion was incident at 15°r elative to H/Pd͑100͒ and D/Pd͑100͒ surfaces at high temperatures which correspond to higher adsorption heights. The azimuthal distributions of the H recoil yields for surface coverages associated with p͑1 ϫ 1͒, c͑2 ϫ 2͒, and p͑2 ϫ 2͒ structures at 343 K are compared in Fig. 4 ͑see Fig. 5 for surface structures͒. The simulated results show a distinctive feature within the three structures of the H recoil yield enhancement which moves closer to the ͓110͔ azimuth and the distribution widths become slightly narrower with decreasing coverage ͑p͑1 ϫ 1͒ → c͑2 ϫ 2͒ → p͑2 ϫ 2͒͒. Deeper minima along the ͓110͔ directions can be observed in the p͑1 ϫ 1͒ and p͑2 ϫ 2͒ simulations compared to the c͑2 ϫ 2͒ phase due to multiple collision processes. Another distinctive feature among these three structures is that, based on the simulated results, the ratio of the H recoil yields for p͑1 ϫ 1͒:c͑2 ϫ 2͒:p͑2 ϫ 2͒ is 1:0.5:0.25 which corresponds to their coverage, respectively. In Fig. 4͑a͒ Table I that as the coverage increases, the vertical adsorption height decreases. This coverage dependence in the adsorption height shows a similar trend to that observed in the experimental results; however, the values produced using the PBE functional are considerably smaller. There is a small increase in adsorption height from 1 to 0.5 ML coverage, however, a much larger change is observed for 0.25 ML. If the theoretical results for the 1ML coverage are scaled to match the experimental value of 0.25 Å-D ͑0.20 Å-H͒, shown in the third column of Table  I , we find that the value for the 0.25 ML coverage becomes 0.45 Å ͑0.36 Å͒, almost identical to the measured value for a sample temperature of 363K at which temperature it is believed that we have an equilibrium coverage of 0.25 ML. 20 The most stable coverage is the c͑2 ϫ 2͒ phase and agrees with previously published results at room temperature. 8, 21 The shape of the hollow site potential well in the direction perpendicular to the surface was calculated in order to investigate any asymmetry that might contribute to the observed isotope differences in the adsorption height. Using the optimized H-Pd distance ͑given in Table I͒ the H-Pd distances were varied about the equilibrium distance and the total energy calculated. Figure 6 shows the total energies ͑per H atom͒ for 1, 0.5, and 0.25 ML coverages versus the change in H-surface distance with respect to the optimized value. The total energy versus distance curve in Fig. 6 was fitted using a cubic polynomial given below.
For a harmonic oscillator, the second derivative of the energy equals the force constant, and for the relationship in equation one, equals 2B ͑the harmonic term͒ at the equilibrium position ͑x=0͒ as shown below.
ZPEs for the vertical displacement were calculated from the harmonic frequencies using ZPE= ͑1 / 2͒ប, obtained from fits of the curves in Fig. 6 and are included in Table I . These energies show that the total energy of the system increases which has the effect of decreasing the BE of the adsorbate, similar to that discussed by Ref. 22 . The linear term within the polynomial in Eq. ͑1͒ does produce a very small and unrealistic shift in the equilibrium position, however, removing this term and refitting produces a worse fit to the data and only changes the harmonic term by approximately 1%.
D. Subsurface H and D
Subsurface H was experimentally probed by measurements of the H + recoil azimuthal yield at a recoil angle of 60°when bombarded by Ne + at an incidence angle of 30°as applied for D adsorption in the previous study.
3 The simulated data for this geometry reveal significantly different distributions for the subsurface sites. Broader H + yield distributions as well as azimuthal "signatures" at Ϯ30°azimuths can be expected to be observed from the simulations for the subsurface sites ͓Fig. 7͑a͒, dashed line͔. The H simulations were run with the same procedures as those for D subsurface simulations. From the simulated and experimental data comparisons, it is concluded that neither atomic H nor D ͓Fig. 7͑b͔͒ reside below the Pd͑100͒ surface atomic layer at or above temperatures of 300 K.
IV. DISCUSSION
A. Isotope differences
There have been several studies investigating isotope differences of adsorbed species on metal surfaces and include the adsorption and desorption of molecular hydrogen and its isotopes on Pd͑100͒. The only observed differences, however, are due to surface diffusion which subsequently alter the desorption characteristics. [22] [23] [24] In the present case, small but significant differences in the adsorption height of atomic hydrogen and deuterium are experimentally observed. The different yield minima along the ͓110͔ azimuths for the D + and H + recoil yield distributions as experimentally observed at room temperature and become even more apparent at higher temperatures ͑Fig. 4͒, when the D + recoil yield drops significantly lower than the H + yield along the ͓110͔ azimuth. The differences in azimuthal yields were investi- 6 . BE of H on Pd͑100͒ as a function of the vertical displacement of H from its equilibrium H-Pd distance for various coverages. This is obtained by vertically displacing H about its optimized equilibrium position while keeping the Pd͑100͒ substrate fixed at the equilibrium position. The open circles ͑in red͒, squares ͑in blue͒, and triangles ͑in orange͒ are DFTcalculated values for the p͑1 ϫ 1͒, c͑2 ϫ 2͒, and p͑2 ϫ 2͒ structures, respectively, while the solid lines are the individual fits to a third order polynomial ͑see text for details͒.
gated through a systematic variation in the simulation parameters. It was found that changes in vibration amplitude had a much smaller impact on the height difference. The dependence of the isotope's recoil angle on the impact parameter where Ne + ions are incident on them was also examined by varying the interatomic potential in Kalypso and found to, at most, contributes to approximately 0.005 Å difference between the H and D displacements. In addition, given that both adsorbates have the same atomic number; this difference in adsorption height cannot be related to any change in the electronic structure of the system. However, the mass difference can in turn alter the ZPE of the adsorbate and will change the motion within the potential well of the adsorbate/substrate system. Previous studies on ZPEs of hydrogen on palladium, copper, nickel, and platinum surfaces report values varying from 40 to in excess of 100 meV, depending on the hydrogen coverage ͑Refs. 9 and 25-30 and references therein͒. The larger values are typical of isolated hydrogen atoms on the surface while the lower values correlate with ordered overlayers. The value found in this study is slightly smaller than other studies but correlates reasonable well with ab initio calculations by Tomanek et al. 9 which found a value of approximately 40meV while experimental studies of ordered p͑1 ϫ 1͒ layers find ZPEs around 63.5 meV. 29 This smaller result is most likely linked to the fact that PBE obtained an adsorption height smaller than previously observed. Fig. 8 . This difference corresponds well to those calculated using the analysis of Robinett 30 for similar ZPEs. These changes are of the order of that experimentally observed and are also in the correct direction to correlate with the D being higher on the surface than H as illustrated in Fig.  8 . It is possible that the true value of ZPE for this system could be much larger than predicted by these calculations since they are below the range previously found. It is unclear why D resides higher than H, as it would be expected of a "typical adsorbate" that the heavier isotope vibrates less, and therefore effectively smaller and hence closer to the surface. The answer must lie with phonon coupling and a delicate balance of the energetics.
If the ZPE is in the range between 30 and 120 meV, the corresponding difference in adsorption height between H and D is calculated to be in the range of 0.015-0.053 Å. This clearly indicates that there is sufficient asymmetry to produce the experimental change to the adsorption height for H and D. Metal hydrides, such as LiH show a contraction of 0.007 Å on deuteration, while metal-H diatomic molecules such as NiH show a change in bond length of 0.011 Å on deuteration. 31 Differences in isotope adsorption heights on surfaces have, to the authors' knowledge, never been previously observed and may have a impact in surface chemistry by influencing the dynamics of chemical reactions and affect the rate constants of hydrogen based catalytic reactions such as those including water ͑Refs. 24, 32, and 33 and references therein͒.
B. High temperature adsorption
At room temperature the adsorption of H or D has been determined to be p͑1 ϫ 1͒ ͑1 ML͒ and c͑2 ϫ 2͒ ͑0.5 ML͒ coverages. For higher temperatures, the adsorption kinetics must differ since our results clearly show that above room temperature, the structure of H and D is p͑2 ϫ 2͒ ͑0.25 ML͒. The change in adsorption height fits very well to the theoretical calculations for the different coverages. The trend of increasing adsorption height as a function of decreasing coverage has been observed for K on Ni͑100͒, 34 however, previous measurements or calculations of hydrogen on Pd͑100͒ have not observed this trend. 8 Rieder and Stocker 7 speculated that hydrogen may move closer to the topmost Pd͑100͒ surface atoms when the coverage increases from 0.5 to 1 ML in order to rationalize the changes in surface corrugation amplitude.
The difference between room temperature and higher temperature adsorption structures may be due to the influence from the initial stages of desorption. For coverages higher than 0.25 ML, the hydrogen atoms must reside, for at least a short while, in adjacent hollow sites, as shown in Fig.  5 . These sites have a higher probability for recombination, and therefore an equilibrium situation results, where H recombines when it is close enough and remains on the surface in a p͑2 ϫ 2͒ structure. It should be noted that at these elevated temperatures, H or D atoms are very mobile on the surface.
C. Subsurface
Wilde and Fukutani
35 developed a general model describing the competition between bulk absorption and surface molecular desorption for hydrogen on Pd͑100͒. This model shows that both kinetic barriers of desorption and absorption energies as well as the thermodynamics of dissolution of H in metals must be known. The fact that our studies found no evidence for stable subsurface H or D at room temperature is no surprise. Okuyama et al. 13, 36 showed that hydrogen diffuses into the subsurface region via steps with a probability of H absorption on Pd͑100͒ from the molecular form of only ϳ10 −3 . Previous studies have all shown that the stability of subsurface hydrogen concentration is extremely sensitive to temperature. 13, 21, 36, 37 Hydrogen from the subsurface and bulk regions were only found below room temperature, with desorption peaks occurring around 280 K. This implies a low diffusion barrier to the surface. The barrier for hydrogen diffusion in bulk Pd has been determined to be 0.23 eV, 38 which predicts that at room temperature protons quickly diffuse into the bulk, especially considering the concentration gradient. As a consequence, any hydrogen that jumps into the subsurface region will quickly jump back to the surface or diffuse into the bulk.
V. CONCLUSION
Both experimental and simulated data agree that the two hydrogen isotopes ͓p͑1 ϫ 1͒ structure͔ are adsorbed in the fourfold hollow site of Pd͑100͒, at 0.20 Å ͑H͒, and 0.25 Å ͑D͒ above the surface at room temperature ͑295 K͒. The adsorbates desorb at higher temperatures ͑above 380 K͒, reaching their equilibrium phase of p͑2 ϫ 2͒ with higher vertical positions which are between 0.40 and 0.45 Å above the Pd͑100͒ surface. Density functional theory calculations show a similar trend in the coverage dependence for both H and D and confirm the isotope difference in the vertical height above the Pd͑100͒ surface atoms.
Furthermore, neither isotope are observed in the Pd͑100͒ subsurface region at room or higher temperatures. This implies that at room temperature and higher, hydrogen in bulk Pd is very mobile, or it is not stable in the subsurface region just below the first atomic layer. The lack of a subsurface signal for D or H is indicative that either it is depleted by attraction to the surface or bulk, or that it is much more mobile at these temperatures and it is only on the surface that the adsorbate is trapped for sufficiently longer times to be detected.
